It has generally been assumed that initial surface roughness has significant influences on local frictional shear stresses and flash temperatures in fretting contacts. However, since these hypotheses are difficult to directly measure, the frictional shear stress and temperature rise distributions in a steelon-steel fretting contact are investigated by finite element method. The rough contacting surfaces were modelled as fractal surfaces by the Weierstrass-Mandelbrot function. The simulation results show that the frictional shear stress distribution resulted from the rough contact model is discrete, and the local stresses are highly concentrated which result in higher peak temperature rise than that from the smooth contact model. The influences of the plasticity of materials, load and frequency on the temperature rise are also discussed.
Introduction
Fretting is a wear process which occurs in loaded contacts between two bodies when they are subjected to small oscillating displacements relative to each other. During this process, frictional power is dissipated over the relatively small area of true contact and thus causes high flash temperatures in these areas and a relatively steep temperature gradient into the substrate. The role of temperature in fretting has generally been attributed to changes associated with oxidation process which are thought to exert a significant influence on the rate and mechanisms of wear [1] [2] [3] [4] [5] . As such, friction and friction-induced thermal histories in fretting contacts have been the subject of investigation by many researchers.
Some research has focussed on investigation of friction behaviour at fretting contacts [6] [7] [8] [9] ; a number of researchers have investigated the temperature profile in the contact resulting from the dissipation of frictional power [2, [10] [11] [12] [13] [14] [15] [16] . Since direct temperature measurement close to the fretting surface itself is often impractical, the actual contact temperature can only be estimated using analytical models and computer simulation tools and thus efficient models are needed at the design stage to predict the friction-induced temperature rise under such conditions [1, 15] . For example, Wen and Khonsari presented an analytical approach for obtaining the transient temperature profile for different oscillating heat sources on a semi-infinite body and the analytic expressions for maximum surface temperature for these heat sources were provided based on an extensive number of simulations [15] . Jin et al. adopted a mathematical model and developed a finite element (FE) model to predict the temperature rise in a fretting contact based upon the frictional power dissipation, and explored the influences of various factors such as the presence of an oxide debris layer and frequency on the contact temperature within a stainless steel contact [2, 16] .
It has been found that surface roughness has significant influence on friction, wear and temperature rise in contacts [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Some researchers have studied the effects of surface roughness on friction by experiments [17] [18] [19] [20] [21] . For example, Lu et al. experimentally examined friction torque under different surface roughness and different texture directions with a torsional fretting wear device with a flat-onflat contact and found that friction torque and accumulated dissipated energy at first increase and then decrease as the surface roughness increases [17] . Others adopted numerical methods to analyse the effects of surface roughness on friction and contact temperature [22] [23] [24] [25] [26] . For example, Reichert et al. determined the influence of elastic and plastic deformation on the friction coefficient as the effect of surface flattening in the run-in phase was taken into account with a numerical approach based on the FE model in which surface roughness of turning processes and plastic hardening due to deformation of the asperities are considered [22] . In some cases where experiments are difficult to carry out, numerical calculations can often provide an alternative to give some indication about the possible effects of certain parameters. In the case of the contact temperature which is difficult to measure experimentally, Attia et al. have developed analytical models to predict the disturbed temperature field around the contact asperity in fretting contacts by assuming that the asperity has a uniform square cross section [14, 25, 26] . They presented the dimension of the thermally disturbed zone and the effect of reciprocating motion on the maximum surface temperature rise in dimensionless form.
Although analytical models can provide some general conclusions about the temperature field in fretting contacts, it is difficult to predict the frictional and thermal behaviour of a real fretting tribosystem of complex geometry with realistic surface roughness; however, more significant progress in this regard can be achieved with numerical methods, e.g., finite element (FE) modelling. In this paper, the dynamic local contact frictional shear stress and temperature rise distributions in a steel-on-steel contact during the fretting process are studied by the FE method taking into account the initial surface roughness. The rough contacting surfaces are modelled as fractal surfaces by the WeierstrassMandelbrot (W-M) function, and the FE models (including the surface roughness) are developed for the cylinder-on-flat configuration used in the experimental work (see Fig. 1 ) which results in a line contact on a macroscopic scale. FE analyses were carried out and the effects of surface roughness on the distributions of frictional shear stress and temperature rise are investigated by comparing the results obtained with those from the smooth contact model. 
Representation of the rough surfaces

Description of surface roughness by fractal geometry
Statistical surface parameters which are often used to describe surface roughness are related to the sample size [27] ; in light of this, surface topography in more recent contact analyses is commonly described by fractal geometry since this is characterized by the properties of continuity, nondifferentiability, scale invariance, and self-affinity [28] [29] [30] [31] [32] . In this study, the surface roughness is described by fractal geometry and its two-dimensional (2-D) surface profile height is given by the W-M function [33] 
where D (1<D<2) is the fractal dimension which determines the relative contributions of highand low-frequency components in the surface profile, G is the fractal scale coefficient which reflects the amplitudes of the surface profile, γ (γ>1) is a constant which controls the density of frequencies in the surface profile (γ=1.5 is typical for most surfaces), n is the fractal scale index and n1 and n2 are the lowest and highest cut-off indexes of frequency. Letting ω=γ n be the spatial frequency of the profile, then ωL is the starting frequency determined by the sample length L as ωL =1/L, and ωU is the upper limit of frequency which is determined by the profile resolution δ as ωU =1/2δ. The fractal parameter D is determined by the structure function method [34] in which the surface roughness is modelled as a series data with fractal characteristics which satisfy According to E[z 2 ( )]=Rq 2 in which Rq is the root mean square roughness of surface, the fractal roughness can be determined as [34] 
Representation of the rough surfaces of the specimens
In this study, the coordinates of 4 mm length of the surface profile (made up of 8000 data points for each specimen) are obtained via non-contact laser measurement using Mitaka PF-60, which uses a laser autofocus method to determine the co-ordinates of the profile with a resolution of 0.1 µm in height direction and 0.5 µm in lateral direction. The 1 mm length of the measurement data of the cylinder (R = 6mm) and flat specimens (W = 10mm) are shown in Fig. 3 . In order to implement a flexible and scale-independent rough surface profile in the FE model, the W-M function (Eq. (1)) is used to characterize the surface profile using the method described in Section 2.1. As the fretting amplitude (Δ) is 50 μm and the contact width is less than 100 μm, the width of the rough contact surfaces to be modelled is limited to 300 μm. The fractal dimensions and fractal scale coefficients of the fractal surface profiles of the cylinder sample and the flat sample shown in Table 1 are generated using the measured profile height data. The modelled 300 μm long profile heights for the cylinder and the flat samples compared with the measurement data are shown in Fig. 4 . 4 Modelled 300 μm long profile heights and measurement data:
(a) cylinder surface; (b) flat surface.
Coupled temperature-displacement analysis for the cylinder-on-flat fretting contact
Properties of material
The material of the cylinder and the flat used in this study is an alloy steel, S132. The mechanical and thermal properties of this material which are adopted in this paper are presented in Table 2 . Table 2 Mechanical and thermal properties of S132 [35, 36] .
206.8 0.28 7850 39 520
Due to stress concentration associated with the rough surfaces, plastic deformation is likely to occur in the contacting asperities. Therefore, the plastic properties of the material are also included in the FE model. The normalised stress-strain curve for this alloy (from the literature) is shown in Fig. 5 .
Fig. 5
Normalised stress-strain curve for S132 [35] .
Development of the FE model
The basic cylinder-on-flat configuration was composed of a semi-circular body with 6 mm radius and a flat with 10 mm width; the FE models (including both smooth contact surfaces and rough contact surfaces) have been developed to simulate the fretting contact and the resulting temperature rise using a nonlinear ABAQUS code. The contact is simplified as a 2-D problem, and thus 2-D coupled temperature-displacement plane strain elements are employed. In the contact zone, an extremely fine mesh was generated as shown in Fig. 6 . For the smooth contact models, a 10 µm element size was used; for the rough contact models, 2 µm, 1 µm and 0.5 µm elements were used to investigate which size of element is required to adequately capture the contact behaviour. boundary conditions were applied to the nodes along the base of the flat specimen, and a frictional contact was applied between surfaces of the cylinder and the flat for which a Coulomb friction model was adopted to calculate the frictional stresses due to sliding in a fretting contact. A sinusoidal horizontal displacement was applied to the nodes along the top surface of the cylinder specimen and a vertical concentrated force was applied to the centre of this surface.
Coupled temperature-displacement analysis
In this study, the coupled temperature-displacement analysis was carried out to obtain the stress and temperature responses. The coupled equations illustrated in matrix representation are [37] 
where Δu and Δθ are the respective corrections to the incremental displacement and temperature, Kuu, Kuθ, Kθu and Kθθ are the stiffness submatrices, and Ru and Rθ are the mechanical and thermal residual vectors respectively. In the thermal analysis, conduction is considered to be the major term of heat dissipation in the fretting process, and thus the heat loss due to convection and radiation from the surfaces is neglected [2] . As only the heat converted by frictional work is investigated in this study, the additional temperature rise resulting from plastic energy dissipation is not considered here. The heat flux density, qg, generated by the interface element due to frictional heat generation is given by [37] 
where τf is the frictional shear stress,  is the slip rate, and η determines the fraction of the frictional work converted to heat that enters the contacting bodies. Under dry sliding conditions, it can be assumed that all of the energy dissipated through friction is transferred to the contacting bodies as heat [38] . As the heat source only affects a small area, the temperatures for both bodies are expected to be similar. Therefore, the thermal energy is assumed to partition equally into the two bodies [2] ; that is to say, 0.5
. Moreover, heat flux on the non-contacting surfaces is assumed to be zero.
Using the models with smooth contact and rough contact developed in Section 3.2, the steady-state coupled temperature-displacement simulation was implemented using ABAQUS software under the conditions shown in Table 3 according to the test procedure presented in Ref. 39 . Fig. 7 (a) and Fig. 7 (b) give the frictional shear stress and temperature rise distributions near the contact area along the surface of the flat specimen in the tenth cycle from the rough contact models with 2 µm, 1 µm and 0.5 µm element sizes in the contact zone. For the sake of comparison, the frictional shear stress and temperature rise distribution results from the rough contact model with elastic material (i.e. without plasticity) are shown in Fig. 8 (a) and Fig. 8 (b) . It can be seen that the peak values of the frictional shear stresses resulted from the elastic model with different element sizes in the contact zone are quite different and the greatest frictional shear stress from the model with a 0.5 µm element size is much higher than that from the model with a 2 µm element size. But the peak values of the frictional shear stresses resulting from the elastic-plastic model with different element sizes in the contact zone are very similar because of the surface flattening when the material plasticity is included. Moreover, the temperature rise distributions resulting from both the elastic and the elasticplastic models with different element sizes in the contact zone are very similar (the largest difference is less than 0.5 K). Therefore, for the sake of computational efficiency, the rough contact model with a 2 µm element size in the contact zone is adopted in the simulations presented throughout this paper.
Simulation results
Determination of element size for rough contact models
(a) (b) Fig. 7 Frictional shear stress and temperature rise distributions along the surface of the flat specimen in the tenth cycle from the elastic-plastic rough contact models with different element sizes in the contact zone: (a) frictional shear stress distributions; (b) temperature rise distributions.
(a) (b) Fig. 8 Frictional shear stress and temperature rise distributions along the surface of the flat specimen in the tenth cycle from the elastic rough contact models with different element sizes in the contact zone: (a) frictional shear stress distributions; (b) temperature rise distributions.
Frictional shear stress and temperature rise distributions
The temperature rise distributions near the contact area after the first ten cycles (the temperature rise history result at different locations in Fig. 13 shows that the rise rate reaches a steady state after ten cycles) from the smooth contact and rough contact models are shown in Fig. 9 (a) and Fig. 9 (b) respectively. It can be seen that the temperature rise distribution from the rough contact model is very different to that from the smooth contact model. The highest temperature rise from the rough contact model is higher than that from the smooth contact model and there are several local temperature rise peaks in the rough contact zone. Since the contact stress and temperature rise distributions vary with the time during the fretting process, the comparison of frictional shear stress and temperature rise distributions along the surface of the flat specimen in the contact area at different time in the tenth cycle (when t = 0.0474s, 0.0481s and 0.0498s, the frictional shear stress and temperature rise at the positions of x = 0.06 mm, 0.12 mm and 0.22 mm along the surface of the flat specimen from the rough contact model get to the highest values respectively, and t = 0.0500s is the end of the tenth cycle) between the smooth contact and rough contact are shown in Fig. 10 and Fig. 11 respectively. From Fig. 10 , it can be seen that the frictional shear stress distribution resulting from the rough contact model is discrete and the local shear stresses are highly concentrated compared with those from the smooth contact model. Moreover, the number and values of the frictional shear stress peaks from the rough contact model also change with the time during the fretting cycle. These result in substantially different temperature rise distributions in the rough contact model and the smooth contact models; in addition, values of the peak temperature rise predicted from the rough contact model also vary significantly with time as well (as shown in Fig. 11 ). Since the real contact area in the rough contact model is smaller than the contact area in the smooth contact model, the highest frictional shear stress and temperature rise from the rough contact model are much larger than those from the smooth contact model. Fig. 12 shows the distribution of temperature rise in the subsurface of the flat specimen at locations with the highest temperature rise (x = 0.12mm in the rough contact and x = 0.15mm in the smooth contact) after the first ten cycles. The figure shows that the gradients of temperature rise from both the smooth contact model and the rough contact model are very steep within a shallow subsurface (depth = 0 ~ 0.2mm) and this zone may be the 'thermally disturbed zone' described in Ref.
14. The figure also shows that the temperature rise is very low (≤ 0.3K) at a depth greater that 1.0mm. This phenomenon indicates that the significant temperature rise resulting from a fretting contact is limited to a very small zone surrounding the contact areas.
Fig. 12
Temperature rise distribution in the subsurface of the flat specimen at locations with highest temperature rise (x=0.12mm in the rough contact and x=0.15mm in the smooth contact) after the first ten cycles. Fig. 13 gives the time histories of temperature rise at different locations on the surface of the flat specimen including the middle of the contact area (x = 0.15 mm) and the several positions at which the temperature gets to the local peak (x = 0.06 mm, 0.12 mm and 0.22 mm) from the rough contact model and the time histories of temperature rise at the same locations from the smooth contact model in the first ten cycles. It can be seen that the temperature rises at different locations increase with the oscillatory behaviour, and the rise rate is fast at first and then falls as the situation reaches a steady state. The amplitude of the temperature rise in the middle of the contact area from the rough contact model is much lower than the amplitude of temperature rise at other locations because no contact exists at the middle of the contact area in this case; in contrast, the largest temperature rise amplitude in the smooth contact model occurs in the middle of the contact area. The differences in the amplitude of temperature rise at different locations in the rough contact model are relatively small (less than 1 K), but those from the smooth contact model are much greater, and the amplitude of temperature rise in the smooth contact model decreases as the distance between the location and the middle of the contact area increases. 
Time history of temperature rise
Effect of plasticity, load and frequency
In order to show the effect of plasticity, the rough contact model with elastic material (without plasticity) was built and the corresponding coupled temperature-displacement simulation was implemented. The effect of the inclusion of plasticity in the FE model is shown in Figure 14 where the contact pressure, frictional shear stress and temperature rise distributions along the surface of the flat specimen after the first ten cycles resulting from the rough contact model with and without plasticity are compared. Since the real contact area of rough surfaces is much smaller than that of smooth surfaces, plastic deformation occurs at some of the asperities. On account of the resulting surface flattening, the largest contact pressure is much lower than that from the elastic material model which results in a reduction in the largest frictional shear stress and thus a smaller value of the highest temperature rise (a reduction of ~ 23% ).
(a) (b) (c) Fig. 14 Comparison of contact pressure, frictional shear stress and temperature rise distributions along the surface of the flat specimen after the first ten cycles from the elastic and elastic-plastic material models.
The effect of load was investigated by both increasing and decreasing the load by 100 N from its initial value of 250 N. The simulated frictional shear stress and temperature rise distributions along the surface of the flat specimen after the first ten cycles under the loads of 150 N, 250 N and 350 N from the rough contact model are shown in Fig. 15 . It can be seen that the temperature on the contact surface rises as the load increases. The increase in peak frictional shear stress with increasing applied load is not very significant (especially as the load is increased from 250N to 350N) since the actual contact pressure does not increase very rapidly due to plastic deformation.
(a) (b) Fig. 15 Frictional shear stress and temperature rise distributions along the surface of the flat specimen after the first ten cycles under the various loads.
The effect of fretting frequency is investigated by changing the frequency to 100 Hz and 300 Hz (from its initial value of 200 Hz). The simulated temperature rise distributions along the surface of the flat specimen after the first ten cycles from the rough contact model are shown in Fig. 16 . It can be seen that the temperature along the surface of the flat specimen also increases with increasing frequency, although the variation in frequency does not result in changes to the frictional shear stress distribution. This is caused by the increase of the frictional heat flux density as the slip rate in Eq. (6) increases due to the increasing of frequency.
Fig. 16
Temperature rise distributions along the surface of the flat specimen after the first ten cycles under the various frequencies.
Conclusions
Roughness varies significantly depending on the scale and position along the length of a specimen. To implement a flexible and scale-independent rough profile in the FE model, the W-M function was used to characterize the surface profile as a fractal geometry in this study. The dynamic local frictional shear stress and temperature rise distributions for the rough and smooth cylinder-on-flat fretting contacts were simulated by the coupled temperature-displacement FE method.
Comparison of simulation results from smooth contact and rough contact models shows that the frictional shear stress distribution resulting from the rough contact model is discrete, time-varied and the local stresses are highly concentrated compared with that from the smooth contact model. These characteristics result in differences in the temperature rise distribution from the rough contact model when compared with that from the smooth contact model. The highest temperature rise from the rough contact model does not occur at the centre of the contact zone and its value is greater than that from the smooth contact model.
The gradients of temperature rise from both the smooth contact model and the rough contact model are very steep and non-linear within the shallow subsurface (depth = 0 ~ 0.2 mm), and the temperature rise is very low (≤ 0.3 K) at a depth greater than 1.0 mm. This indicates that the significant temperature rise resulting from a fretting contact under these conditions is limited to a very small zone surrounding the contact areas.
The temperature rise is observed to increase with the oscillatory behaviour and the rise rate is fast first and then slow to reach a steady state. The differences in the amplitude of temperature rise at different locations from the rough contact model are relatively small, but those from the smooth contact model are much greater ; the smooth contact model indicates that the amplitude of the temperature rise decreases with increasing distance between the location and the middle of the contact area .
On account of material plasticity, the greatest contact pressure is much lower than those from elastic material model which results in much lower values of the maximum frictional shear stress and smaller values of maximum temperature rise.
The simulation results show that the temperature on the contact surface increases significantly when the load and frequency increase.
